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Dai ly  observa t ions  of t h e  photospheric  r o t a t i o n  r a t e  using 
t h e  Doppler e f f e c t  have been made a t  t he  Stanford So la r  Observatory 
s i n c e  May 1976.  These observa t ions  show no d a i l y  o r  long per iod  
v a r i a t i o n s  i n  t h e  r o t a t i o n  r a t e  t h a t  exceed t h e  obse rva t iona l  e r r o r  
o f  about one percent .  The average r o t a t l o n  r a t e  is  t h e  same a s  t h a t  
of t he  sunspots  and t h e  la rge-sca le  magnetic f i e l d  s t r u c t u r e s .  
*Now a t  Un ive r s i t e  de Liege ,  I n s t i t u t  d lAs t rophys iqur ,  Cointe- 
Ougree, Belgium. 
P h i l i p  H, S c h e r r c r  
John M. Wilcox 
L e i f  Sva lgaa rd  * 
I n s t i t u t e  f o r  Plasma Research 
S t a n f o r d  U n i v e r s i t y  
S t a n f o r d  C a l i f o r n i a ,  94305 
M e a s u r e m e n t s  o f  t h e  p h o t o s p h e r i c  r o t a t i o n  r a t e  u s i n g  t h e  
D o p p l e r  e f f e c t  h a v e  b e e n  t h e  s u b j e c t  o f  c o n t r o v e r s y  e v e r  s i n c e  t h e y  
were first made ( e . g .  P l a s k e t t  1915; DeLury 1939; H a r t  1954; Howard 
a n d  H a r v e y  1970; and P l a s k e t t  1973) and have been r e c e n t l y  reviewed 
b y  Howard  ( 1 9 7 8 ) .  D a i l y  o b s e r v a t i o n s  a t  t h e  S t a n f o r d  S o l a r  
O b s e r v a t o r y  CSSO) have been made s i n c e  May 1976. A n a l y s i s  o f  t h e  731 
f u l l - d i s k  l o w - r e s o l u t i o n  d o p p l e r g r a n ~ s  made t o  d a t e  y i e l d s  r e s u l t s  t h a t  
c o n f l i c t  w i t h  s o m e  o t h e r  r e c e n t  s e t s  o f  o b s e r v a t i o n s .  The SSO 
o b s e r v a t i o n s  show no  d a i l y  o r  l o n g  p e r i o d  v a r i a t i o n s  i n  t h e  r o t a t i o n  
r a t e  t h a t  e x c e e d  o b s e r t v a t i o n a l  e r r o r ,  and t h e  a v e r a g e  r a t e  i s  about  
t h e  same a s  t h a t  o f  t h e  l a r g e - s c a l e  m a g n e t i c  f i e l d  s t r u c t u r e s  and 
s u n s p o t s .  These c o n c l u s i o n s  a r e  a p p a r e n t l y  i n c o n s i s t e n t  wi th  t h e  w e l l  
known r e s u l t s  o f  Howard and Harvey( l970)  and t h e  more r e c e n t  r e p o r t s  
o f  L i v i n g s t o n  and Duval l ( l9 '79)  and Howard e t  a 1 . ( 1 9 7 9 ) .  
*Now a t  Universite de  L iege ,  I n s t i t u t  d ' b s t r o p h y s i q u e ,  Cointe-Ougree, 
Belgium. 
1 
T h e  SSO i n s t r u m e n t  d e s i g n  i s  v e r y  s imi l ia r  t o  t h e  s o l a r  
m a g n z t o g r a p h  a t  t h e  M t .  W i l s o n  150 f o o t  tower  t e l e s c o p e  (Howard el; 
a, 1968; Howard and Harvey 1970; and Howard 1976) b u t  was devigned 
f o r  o n l y  l o w  s p a t i a l  r e s o l u t i o n  o b s e r v a t i o n s .  S i n c e  some o f  t h e  
d i f f e r e n c e s  may a f ' f e o t  r o t a t i o n  m e a s u r e m e n t s ,  t h e  r e l e v a n t  d e t a i l s  
w i l l  b e  d e s c r i b e d .  The o v e r a l l  d e s i g n  ph i losophy  01' t h e  SSO h a s  been 
d e s c r i b e d  by S c h e r r e r  st aL . (1977) .  P r e l i m i n a r y  r o t a t i o n  r e s u l t s  and 
t h e  m o d i f i c a t i o n  t o  t h e  i n s t r u m e n t  t o  a l l o w  f u l l  d i s k  3-arc-minute 
m a g n e t o g r a m s  a n d  d o p p l e r g r a m s  a r e  d e s c r i b e d  by Duva11.(1979) ,  
S v a l g a a r d  e t  a1.(19'18) made a  p r e l i m i n a r y  r e p o r t  o f  t h e  c o n c l u s i o n s  t o  
b e  d e s c r i b e d  more f u l l y  i n  t h i s  p a p e r .  The r e s u l t s  p r e s e n t e d  h e r e  
d i f f e r  s l i g h t l y  from t h e  two e a r l i e r  r e p o r t s  due t o  r e c a l i b r a t i o n  of 
t h e  p o s i t i o n ,  i n t e n s i t y ,  and v e l o c i t y  d a t a .  The c a l i b r a t i o n  methods 
used i n  t h e  p r e s e n t  work a r e  d e s c r i b e d  below. 
P o s i t i o n  C a l i b r a t i o n  
The SSO t e l e s c o p e  i s  o u t l i n e d  i n  F i g u r e  1 .  The i n s t r u m e n t  
c o n s i s t s  o f  a v e r t i c a l  t e l e s c o p e  w i t h  f o c a l  l e n g t h  o f  6 . 5 ~ 1  f e e d i n g  a 
v e r t i c a l  22.8m L i t t r o w  s p e c t r o g r a p h .  The s p e c t r o g r a p h  is  used i n  t h e  
5 t h  o r d e r  w i t h  a r e c i p r o c a l  d i s p e r s i o n  o f  12 .9  mm/8 a t  5250 8. The 
e n t r a n c e  a p e r t u r e  c o n s i s t s  of  a 6mm s q u a r e  mask, an  image s l i c e r ,  and 
a  8.75mm by 100mm s l i t .  Thare a r e  s e v e r a l  systematic e f f ec t s  t ha t  
must be examined when us ing  t h i s  en t r ance  aperture arrangement f o r  
low-reso lu t ion  observat ions .  These influence the e f fec t ive  posit ion 
of the  aperture on the  sun and the measured veloci ty .  
The scanning system used i s  s i m i l i a r  t o  most magnetograph 
i n s t r u m e n t s .  A l i m b  g u i d e r  c o n t r o l s  t h e  o r i e n t a t i o n  o f  t h e  
s econd - f l a t  m i r ro r  w i t h  an analog servo system. The guider image i s  
produced by an auxiliary l ens  w i t h  focal  length of 7.0m. The sun i s  
scanned by moving t h e  g u i d e r  nor th-south  and east-west i n  s t eps  of 
0.001 i nch .  The p o s i t i o n  ang l e  of  t h e  s o l a r  pole  r e l a t i ve  t o  the 
scanning axes  i s  computed from the date and location of the coelos ta t  
m i r r o r .  The magnetogram/dopplergram scan i s  made by stepping the 
image  t o  f i x e d  p o s i t i o n s  and i n t e g r a t i n g  f o r  15-seconds a t  each 
l o c a t i o n ,  i n s t e a d  of w i t h  a  continuous motion. The scan is  made i n  
e a s t - w e s t  l i n e s  ( o n  t h e  s u n )  s t e p p i n g  90 arc-seconds  between 
i n t e g r a t i o n s  with 180 arc-seconds between l i ne s .  The aperture is 180 
arc-second square and i s  oriented pa r a l l e l  t o  the entrance s l i t  which 
i s  nor th -sou th  i n  t h e  room. Prior  t o  February 15, 1978 the aperture 
was r o t a t e d  t o  be pa r a l l e l  t o  cen t ra l  meridian on the image resu l t ing  
i n  non-uniform i l l u m i n a t i o n  o f  some of t h e  image s l i c e r  segments. 
Although no d j f f e r e n c e  i n  t h e  v e l o c i t y  d a t a  was found fo r  several  
p a i r s  of o b s e r v a t i o n s  w i t h  t h e  aperture oriented each way, there i s  
l e s s  r i s k  of  systematic e r ro r s  w i t h  the present alignment. 
I n  o rde r  t o  measure s o l a r  r o t a t i o n  t h e  convers ion between 
scanner  coo rd ina t e s  and e f f e c t i v e  h e l i o c e n t r i c  coordinates must  bo 
a c c u r a t e .  The t e l e scope  s c a l e  i s  def ined  by t h e  6.97111 d i s t a n c e  
between t h e  guiding lens  and the scanning tab le ,  The angular s i z e  of 
t h e  s o l a r  d i s k  i .3  computed f o r  t h e  day of  obse rva t i on  and t h e  
geomet r ica l  p o s i t d o n  on the  disk i s  found for  each scanner posit ion.  
I f  t he  observing aperture were only a  few arc-seconds wide t h i s  would 
be suf f ic ien t  to  define the hel iocentr ic  posit ion,  however, w i t h  a  180 
arc-second. aperture the l i m b  darkening across the  aperture w i l l  weight 
t h e  e f f e c t i v e  posit ion of the aperture toward the center of the d i s k ,  
An e f f e c t i v e  p o s i t i o n  i s  computed fo r  each actual  aperture posit ion 
using t h e  average observed l i m b  darkening function, For the  aperture 
p o s i t i o n  a t  t he  l i m b ,  t h e  c o r r e c t i o n  i s  about a  t h i r d  the aperture 
s i z e .  The c o r r e c t i o n  decreases rapidly away from the l i m b .  For the  
r o t a t i o n  a n a l y s i s  descr ibed  below, only the center half  the area of 
t h e  d i sk  i s  uaed, i , e .  only  p o i n t s  w i th in  0 .75  of a  radius of the  
c e n t e r  of t h e  d i s k .  The maximum posit ion correction fo r  the points 
used  i s  4 arc-seconds.  I f  t h e  c o r r e c t i o n  were omit ted from t h e  
r o t a t i o n  analysis  the  computed equatorial  ro ta t ion r a t e  would be 0.25 
percent too low (about 5 m / s ) .  
I n tens i ty  Calibration 
A s  p a r t  of normal magnetograph operation the brightness of the  
image i s  recorded during each in tegrat ion.  T h i s  i s  primarily used t o  
compensate the  magnetic f i e ld  signal  f'or brightness Fluctuations, For 
each scan the  individual  in tens i ty  measurements a r e  corrected for  l i m b  
darkening and averaged ovor t h s  center half  of the disk ,  TPc variance 
o f  t h i s  q u a n t i t y  i s  used a s  a part  of a qual i ty  f igure to r  the scan, 
The magnitude of t h e  average i n t e n s i t y  w i l l  dspond on t h e  zen i th  
a n g l e ,  t he  photo-mul t ip l i e r  tube v o l t a g e ,  t h e  sky qual i ty  and tho 
c l e a n l i n e s s  of  t h e  o p t i c s ,  Sincs the phototube voltages a r e  ra re ly  
changed ( t w i c e  per y e a r )  t h i s  q u a n t i t y  can be  w e d  t o  monitor the  
c l e a n l i n e s s  of  t h e  sky and o p t i c s .  When i t  was discovered t ha t  the  
average i n t e n s i t y  could a l so  be used t o  compute a correction for t h e  
e f f e c t  of scat tered l i g h t  on the velocity observations, an e f f o r t  was 
made t o  c a l i b r a t e  the i n t ens i t y  fo r  the phototube voltages used s ince  
the s t a r t  of the  observations. 
When t h e  telescope i s -no t  making a magnetogram or  some specia l  
obse rva t i on ,  i t  i s  used f o r  mean so la r  magnetic f i e l d  observations. 
There are ,  t h e r e f o r e ,  s e v e r a l  measures of the in tens i ty  of integrated 
sunlight  fo r  each day. A l l  of the in tens i ty  observationa fo r  each day 
were p l o t t e d  on a l og  s c a l e  a s  a f unc t i on  of computed airmass, A 
t y p i c a l  p l o t  i s  shown i n  F igu re  2 .  I t  can be seen tha t  the expected 
l i n e a r  r e l a t i o n s h i p  i s  found. The i n t e r c e p t  co l~responds  t o  t h e  
i n t e n s i t y  t h a t  would have been observed without  t h e  i n t e r v e n i n g  
atmosphere. From a plot  of the  in tercept  value a s  a function of date ,  
t h e  i n t e n s i t y  changes r e s u l t i n g  from phototube voltage changes were 
found. The cal ibra ted dLsk average In tens i ty  from the magnetograms i s  
p l o t t c d  i n  Figure 3 ,  Most  o f  t h e  v a r i a t i o n  w i t h  t i m e  is  due  t o  t h e  
v a r y i n g  amount o f  d i r t  on t h o  o p t i c s ,  The arrow8 show t h o  t i m o s  t h a t  
t h o  c o e l o s t a t  m i r r o r  and l e n s e s  were c l a a n e d .  
V c l o c i t y  C a l i b r a t i o n  and C o r r e c t i o n s  
Tho v o l o c i t y  o b s e r v a t i o n s  a r e  made by measur ing t h e  p o s i t i o n  o f  
t h o  s p e c t r a l  l i n e .  The s p e c t r o g r a p h  e x i t  a p e r t u r e  c o n s i s t s  o f  a p a i r  
o f  p r i sms  mount;ed such  that;  each  pr ism g e t s  l i g h t  from one wing o f  t h e  
l i n e  a n d  di rec! ts  i t  t o  a p h o t o m u l t i p l i e r  tube .  The pr ism assembly is  
mounted o n  a c c u r a t e  ways and p o s i t i o n e d  by a p r e c i s e  measur ing screw,  
A s h a f t  e n c o d e r  i s  used t o  r e c o r d  t h e  p o s i t i o n  of'  tvle p r i sms  w h i l e  a  
s e r v o  s y s t e m  k e e p s  them c e n t e r e d  o n  t h e  l i n e .  One c o u n t  o f  t h e  
encoder  c o r r e s p o n d s  t o  1/4096 o f  a turn o f  t h e  screw w i t h  10 t u r n s  p e r  
i n c h .  T h u s , f o r  t h e  d i s p e r s i o n  a t  5255 8 ,  t h e  v e l o c i t y  c a l i b r a t i o n  is  
2 . 7 5 2  m/s p e r  encoder  coun t .  T h i s  c o r r e s p o n d s  t o  abou t  0 .6  micron o f  
p h y s i c a l  d i s p l a c e m e n t  o f  t h e  p r i sms  and i s  abou t  t h e  p r a c t i c a l  l i m i t  
f o r  a  m e c h a n i c a l  m e a s u r i n g  e n g i n e .  T h e  RMS v a r i a t i o n  d u e  t o  
s p e c t r o g r a p h  s e e i n g ,  e l e c t r o n i c  n o i s e ,  and s e r v o  e r r o r s  i s  t y p i c a l l y  
10m/s f o r  a  1 5 - s e c o n d  o b s e r v a t i o n  i n  i n t e g r a t e d  l i g h t .  The v e l o c i t y  
c a l i b r a t i o n  i s  m e a s u r e d  e a c h  d a y  a 3  p a r t  o f  a s e r i e s  o f  a u t o m a t i c  
c h e c k s ,  h o w e v e r ,  s i n c e  t h e  u n c e r t a i n t y  i n  t h e  d a i l y  measurement o f  
d i s p e r s i o n  i s  l a r g e r  t h a n  t h e  v a r i a t i o n s ,  a  c o n s t a n t  v a l u e  i s  used f o r  
t h e  d a t a  r e p o r t e d  h e r e .  
B e f o r e  t h e  ~ b s e r v o d  l i n c  p o s i t i o n  d a t a  can be i n t e r p r e t s t  a s  
mot ions  of t h e  s u n ,  t h e  r e l a t i v e  motion of  t h e  o b a s r v a t o r y  and the sun  
m u s t  b e  removed and spee t r sg r l aph  d r i f t s  must be romsved, The Doppler 
a l ~ i f t s  r e s u l t i n g  f r o m  t h e  w r t h ' 8  r o t o t i o ; ~  a n d  o r b i t a l  u o t i o n  a r e  
removed f o r  e a c h  p o i n t  observed us ing  t h e  method d b s c r i b c d  by Howard 
and Harvey( l970)  and Howard c t  a, (1979) .  
O t h e r  s o u r c e s  of' d r i f 2  i n  t h e  v e l o c i t y  d a t a  i n c l u d e  a s low 
m o t i o n  o f  t h e  d i f f r a c t i o n  g r a t i n g  d u r i n g  t h e  first  hour a f t e r  i t  is  
r ~ e p o s i t i o n e d ,  c h a n g e s  i n  t h e  i n d e x  o f  r e f r a c t i o n  of  t h e  a i r  i n  t h e  
s p e c t r o g r a p h ,  and  d r i f t s  i n  t h e  r e l a t i v e  g a i n  o f  t h e  pho to tubes .  To 
r e d u c e  t h e  e f f e c t  o f  t h e  g r a t i n g  d r i f t ,  t h e  s t a r t  o f  each  s c a n  is  
d e l a y e d  f o r  a b o u t  o n e  h a l f  hour  a f t e r  t h e  g r a t i n g  is  p o s i t i o n e d .  I n  
o r d e r  t o  r e m o v e  t h e  r e m a i n i n g  d r i f t s  f r o m  t h e  d a t a  a p a i r  o f  
f i v e - m i n u t e  i n t e g r a t i o n s  a r e  made a t  t h o  c e n t e r  o f  t h e  d i s k ,  one 
b e f o r e  a n d  o n e  a f t e r  t h e  s c a n .  I t  i s  assumed  t h a t  t h e  d r i f t s  a r e  
l i n e a r  i n  t i m e  a n d  t h e s e  two d i s k - c e n t e r  a v e r a g e s  a r e  used t o  d e f i n e  
t h e  z e r o  l i n e .  F i g u r e  4 shows t h e  t o t a l  eqount  of' t h i s  d r i f t  f o r  each 
o f  t h e  o b s e r v a t i o n s  used fcr t h i s  s t u d y .  
Once t h e  r e l a t i v e  m o t i o n s  and d r i f t s  a r e  removsd t h e  r o t a t i o n  
r a t e  o f  t h e  pho tosphere  can be computed. The first  q u e s t i o n  one  must 
a d d r e s s  when  m e a s u r i n g  s o l a r  r o t a t i o n  i s  how t o  d e s c r i b e  t h a t  
r o t a t i o n .  T h e  t r a d i t i o n a l  m e t h o d  h a s  b e e n  t o  a s s u m e  t h a t  t h e  
a n t i - s y m m e t r i c a l  p a r t  o f  t h e  d o p p l e r g r a m  c a n  b e  d e s c r i b e d  by a 
ro la t ion  o f  the  form: 
2 I o s a + b s i n  B a e  a ~ n ' r ~  6 0t,tr42r* t e r m  0 1 
whore W js t h e  angula r  velocity, B i s  tho heliographic l a t i t u d e ,  and 
a , b ,  and c a r o  t o  be found from a least-aquaroa o r  other f i t  t o  tho 
d a t a  ( e . g .  Howard and Harvey 19701, Wo use the same general. mothod 
w i t h  n f c w  d i f ' f e r e n e e s ,  S i n c o  t n o  o b s e r v e d  q u a n t i t y  i s  a 
line-of-sight velsoi ty  and some of the  systematic e r ro r s  aro s h i f t s  i n  
apparen t  wavelength wo choose t o  uxpross tho dutermined coef f i c ien t s  
and t h u a  t h e  r o t a t i o n  r a t e  i n  m/s r a t t i o r  t h a t  r ad i ano / s .  Th is  
n o c c s s i t a t e s  convers ion of t h e  f i n a l  r e su l t  t o  angular velocity f o r  
comparisons b u t  is  more convenient f o r  studying tho various systerna,tic 
e f f e c t s ,  The I : $  b red  s h i f t  i s  assumed t o  be symmetrioal  about 
c e n t r a l  mer id ian  so  t h a t  i t  wf 11 not a f f ec t  the ro ta t ion  r a t e  terms 
and i s  n o t  e x p l i c i t i y  removed, The magnitude of the  l i m b  s h i f t  i s  
expected t o  ba about 30s/s a t  the boundary of' the 0.75R0 d i s k  used fo r  
the  ro ta t ion  ro ta t ion  s tud ies  and w i l l  be discussed i n  a fu ture  paper, 
S ince  an errol*  i n  t h e  computed posit ion angle of tho so la r  pole w i l l  
produce an apparen t  north-south veloci ty  a t  the  expense of r o t  cion, 
t h e  l i n e a r  an t i - symmet r ica l  p a r t  of the veloci ty  i n  che north-south 
di rect ion i s  a l so  found. 
The foirm f o r  d i f f e r e n t i a l  ro ta t ion  used i s  the sane a s  used by 
Moward and Harvey( l970)  but we make the  assumption t ha t  the terms b 
and c  i n  ( 1 )  nave t h e  same value.  There 13 u computational problem 
r e s u l t i n g  from t h e  nsnorthognnnl.lt-y o f  the terms used t o  describe 
r s t a t f  on (Dvvall and Svnlgnard 1978 and Secnflo ' 7  Tho offcet 
of t h i s  i s  chat noiao i n  thc data w i l l  on i f t  t h e  amplftudo bctwoon thc 
b and Q terms, Since the  timo ov12ra&cd volueo of b and G are about 
the same when ( 1 )  13 U B C ~  t 8  dctcrmine rotation, S t  3.3 noaumcd florc 
@hat  b = s ,  Any o r r o r s  r e s u l t i n g  from t h i s  ctooumptfon w i l l  nppcnr no 
s t a b l e  Tooturco i n  t h o  residuiila and w3 ' t c  examined i n  (z latci* 
paper ,  I n  any sage, thc assumcd equality o f  b nnd c haa n negligfblc 
cffoct on thc n coefficient,  
Sinco the sb3orved quantity i o  ttlc line-of-sight oomponcnt of 
velocity, and since rotation rosul ts  i n  a purely azimuthal motion, tho 
carroction factor cosB*oosB;sinL i n  uiied whcra 0 is the heliegraphic 
B 
l a t i t u d e  of the d i s k  center and L is beliagraphio longitude mcasurcd 
from d i s k  centor. Thus,tho relat ion used t o  exprcss rotation has the 
f s r ~  : 
2 2 V = ( D  + b t s i n  B#(l+oin R))tcosB~oos004ninL + p.sinB (2) 
The coefficients e , b ,  and p i n  ( 2 )  a r c  found f o r  each scan by tho 
method of l e a s t  squares w i t h  each of the data values weight;ed by the 
I n t e n s i t y  oorreoted For l i m b  darkening, T h i s  weighting helps insure 
t h a t  an occasional  cloud w i l l  not; ndvctr~ir?Iyaffect the resu l t s ,  Once 
tkeoocff icicnts  above have been found, the error  i n  the position angle 
can be found from: 
Pep, = tan-' (p/e) 
and the equatorial rotation velocity is  Pound from: 
a = Jm* 
I n  p roc t i uo  per, hoo bdon found t o  be @moll w i t h  o typical  value of 
a .  1 dogroe. l n  a d d i t i o a  t o  tho tor~un 8 ,  b ,  and pop found nbovc, n 
to rm no i s  found from n aeoand F i t  Lo t h o  da t a  with t t ~ c  tcrm b 
~ ~ p l a o e d  w i t h  n constant  -300m/n. Tho roefficnco!a no, a, nnu b hove 
b e e n  found f o r  a l l  roaoonnolc cornplotad ucana t o  date ,  Of  t;hc totial 
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made during auch bod brchthur tha t  kho ditta w;sa obviou@Ly not usoful ,  
I n  a d d i t i o n  t o  t h o  nbovo ~ o r r o a t i o n n ,  there aro two typos o f  
sys t ema t i c  o f f c c t  t h a t  should be conaidorad f o r  tho SSO instrumont. 
These a re  the  n l i g ~ m ~ n e  of tho entrance a l i t  and the e x i t  a l f t  end the 
presence o f  s i g n i f i a a n t  nmounta :jf aoa t to red  l i g h t  fo r  the a i j r l ier  
o b s c r v a t i o n s ,  (Wa now kaop t h e  o p t i c s  s c r u p u l o ~ . ~ ~ y  clean ao tha t  
scattorod l i g h t  i s  of tho ardor of one par t  i n  a thousanj). 
T h e  aombinsd  e f f e c t  o f  t h e  u s e  of'  an imago s l i c e r + ,  a 
3-arc-minute a p e r t u r e ,  ancl the north-south di rect ion of' the  entrance 
s l i t  r ~ s u l t s  i n  a  s i g n a l  i n  t h e  same sense as so la r  rota t ion i f  the  
e x i t  s l i t  J . 8  not  exact ly  pa ra l l e l  t o  t;hu entrance s l i t ,  Pr ior  t o  I 5  
February 1978 thore was a small miaalignr~~ent t h ~ t  caused such an e r ro r  
( a s  descr ibed by 5uvall  1979).  In addit ion to  alteri.ng the observed 
r o t a t i o n  r a t e ,  tho mfsi l l i~nmcnt of the  slits r e su l t s  i n  an apparent 
change i n  ro ta t ion w i t h  distance from d i s k  center .  Tho net e f f ec t  can 
b e  c l e a r l y  s e e n  b y  comp3r ing  uncorrcctc!d d o p p l e r g r a m s  f o r  
obse rva t i ons  before and a f t e r  the slit r@nd.iustment* Figure 5 shows 
two such dopplergrams, The closed contours a t  the  ea s t  and west limbs 
in Figure 5a are  the  r e su l t  of the misnlijinment. An analysis  of the 
co t* re l a t i on  between t h e  e q \ l ~ i t o r i a l  r o t a t i o n  r a t e  and in tens t iy  ( a s  
descr ibed  below) shows t h a t  t h e  data before the  slits were properly 
adjusted should be increased by 2 , l  percent, T h i s  correction has been 
included i n  the  r e s u l t s  presented here. 
The Problem 
Figure  6 shows t h e  observed equator ia l  r a t e  a. corrected fo r  
a l l  the  e f f e c t s  described above. The general character  of the data is 
a sequence of slow declines followed by sudden increases,  The arrows 
show the  t imes  t h a t  t h e  c o e l o s t a t  mirror was removed and cleaned or 
resurfaced. There is a c lear  connection between the  times of cleaning 
and t h e  t imes  of sha rp  i n c r e a s s  i n  observed r o t a t i o n  r a t e .  The 
c o r r e l a t i o n  between t h e  observed b r igh tnes s  shown i n  Figure 3 and 
Figure o i s  a l s o  obvious .  A f t e r  each c l ean ing  of' the op t ics ,  the 
i n t e n s i t y  and a. both jump. A s  du s t  and smog accumulate on t h e  
mi r ro r s  and l e n s ,  both t h e  i n t e n s i t y  o f  the image and the observed 
r o t a t i o n  r a t e  decrease .  T h i s  corre la t ion i s  t o  be expected since a s  
t h e  d u s t  s c a t t e r s  l i g h t  out of the  main beam, i t  mixes l i g h t  from the 
e n t i r e  d i s k  w i t h  l i g h t  from a par t i cu la r  region. 
The d e t a i l s  o f  t h e  expected e f f e c t  depana on the density of 
sca t te r ing  sources, tho s ize  and height d i s t r ibu t ion  of tho pa r t i c l e s ,  
and t h e  a n g u l a r  a p e r t u r e  of  t h e  ins t rument .  In  any ca se  i t  i s  
expected t h a t  tile e f f ec t  on +lie rota t ion r a t e  w i l l  be proportional t o  
t h e  s c a t t e r e d  b r igh tnes s  j u s t  off  the l i m b .  Because of the  l imited 
angula r  a p e r t u r e  t h e  e f fec t ive  in tens i ty  of the  scat tered l i g h t  w i l l  
be p r o p o r t i o n a l  t o  t h e  d e n s i t y  of  s c a t t e r e r s  whi le  t h e  d i r e c t  
i n t e n s i t y  w i l l  decrease exponentially w i t h  the number of s ca t t c , a r s .  
T h e r e f o r e , i n  t h e  a n a l y s i s  below, t h e  n a t u r a l  logar i thm of t h e  
i n t e n s i t y  i s  used fo r  coniparison to  the  rota t ion r a t e .  The e f f ec t  of 
s c a t t e r e d  l i g h t  f rom t h e  i n s t r u m e n t  and t h e  s k y  on r o t a t i o n  
~easu re%dn t s  has been known for  a  long time (eg. P laske t t ,  1915). 
The Correction 
S ince  t h e r e  i s  an e f f e c t  on t h e  observed v e l o c i t i e s  due t o  
scattered l i g h t ,  observations should otlly be made w i t h  c lea r  sk ies  and 
c lean  o p t i c s .  I n  t h e  pa s t  a t  the SSO t h i s  condition was not always 
met but  s i n c e  t he  obse rva t i ons  mzde i n  l e s s  than optimum conditions 
con t a in  a  s i g n i f i c a n t  amount of information about so la r  motions, we 
have a t tempted t o  remove a s  much of the e f f ec t  of scat tered l i g h t  a s  
p o s s i b l e .  T h i s  i s  done by finding an empirical re la t ion  between the 
in tens i ty  1 and a  . We expect: 
0 
where T i s  the  opt ical  thickness. The scat tered l i g h t  in tens i ty  S off  
t h e  l i m b  ( a s  a f r a c t i o n  02 t h e  d i s k  c e n t o r  i n t e n s 1 . t ~ )  should be 
proportional t o  T ,  so we can write: 
The decrease i n  observed ro ta t iona l  veloci ty  should be proportional t o  
S so we can write: 
'obs = 'actual -0es 
then combining ( 3 )  and ( 4 )  we expect: 
'obs = 'actual -Wk (Ln I. - Ln I)  (s'l 
Since  V o b s  and Ln I ax-e observed,  t / k  and Ln I. a r e  needed t o  f ind 
'ac tual  . Figure 7 shows a  s ca t t e rp lo t  of Vobs and Ln I .  The l i n e  i s  
t h e  l e a s t - s q u a r e s  l i n e a r  r e g r e s s i o n  l i n e  V = 1 3 4  Ln I + 885. A 
s e p a r a t e  sna lys i s  ?or data before and a f t e r  February 15, 1978 yielded 
t h e  2 . 1  pe r cen t  c o r r e c t i o n  t o  compensate f o r  t h e  s l i t  adjustment 
described above, 
TO complete t h e  c o r r e c t i o n  we need t o  know Io ,  t h a t  is  the 
i n t ens i t y  (corrected f o r  phototube changes) tha t  would have been found 
w i t h  c l e an  s k y  and o p t i c s .  S ince  August 1978 t h e  scat tered l i g h t  
i n t e n s i t y  j u s t  o f f  t h e  l i m b  has  been measured at  the  s t a r t  of each 
s can .  Figure  8a shows Ln I v s  S. The in te rcep t  of the best f i t  l i n e  
yields Ln I. = 8.56, T h u s  we have: 
Vcorrected=Vobs + 134 (8.56 - Ln I )  (6 )  
Figure 8b shows the corre la t ion between t h e  observed ro ta t ion  velocity 
and t he  measured s c a t t e r e d  l i g h t .  The roughly l i n e a r  re la t ionship  
h e r e  j u s t i f i e s  t h e  form of eqn. ( 4 ) .  The slope of  the l i n e  i n  f igure  
8 b  i s  t h e  term oc, i n  eqn ( 4 )  and s i m i l a r l y  F igure  8 a  p r o v i d e s  d i r e c t l y  
a  v a l u e  f o r  k i n  eqn ( 3 ) .  These combine t o  y ie ldbc /k=119  which is  i n  
c l o s e  a g r e e m e n t  t o  t h e  v a l u e  f o r  e / k  d e r i v e d  f r o m  t h e  d i r e c t  
c o m p a r i s o n  o f  i n t e n s i t y  a n d  r o t a t i o n  i n  F igure  7 .  Due t o  
u n c e r t a i n t i e s  i n  a s s e : <  .t!tt t h e  r e l a t i v e  e r r o r s  i n  t h e  computed  
r o t a t i o n  r a t e  a n d  t h e  ob, t 1 . -  ed scattered l i g h t ,  t h e  s l o p e s  o f  t h e  
l i n e s  i n  Figure 8 a  and 8 b  have poor ly  determined e r r o r s ,  The expec ted  
maximum v a l u e  f o r  t h e  s l o p e  i n  F igure  8 b  i s  a b o u t  20 m / s  p e r  p e r c e n t  
s c a t t e r e d  l i g h t .  I n s p e c t i o n  o f  Figure 8  shows t h a t  a  s m a l l e r  
v a l u e  of t h e  s l o p e s  of t h e  l i n e s  i s  c o n s i s t e n t  w i t h  t h e  d a t a ,  w i t h  t h e  
e x p e c t e d  v a l u e  o f  20 m / s  p e r  p e r c e n t  s c a t t e r e d  l i g h t ,  and w i t h  t h e  
r a t i o  W.4: found i n  F igure  7 .  
P i s c u s s i o n  
The V a r i a b i l i t y  o f  S o l a r  R o t a t i o n  
F i g u r e  9 c  shows  t h e  e q u a t o r i a l  r o t a t i o n  rate a as c o r r e c t e d  
0 
w i t h  r e l a t i o n  ( 6 ) .  F i g u r e  9a i s  t h e  l o g a r i t h m  o f  t h e  b r i g h t n e s s  d a t a  
f rom Figure  3 and  F igure  9 b  i s  t h e  d a t a  from Figure  6 shown h e r e  f o r  
c o m p a r i s o n .  S e v e r a l  s t a t e m e n t s  c o n c e r n i n g  t h e  n a t u r e  o f  s o l a r  
r o t a t i o n  c a n  b e  made by  e x a m i n i n g  t h i s  d a t a .  The f i r s t  a n d  most 
c e r t a i n  i s  t h a t  t h e  d a y - t o - d a y  v a r i a t i o n  i n  t h e  o b s e r v e d  v a l u e  i s  
small w i t h  a n  rms v a r i a t i o n  f r o m  t h e  mean o f  26 m / s  o r  a b o u t  1.3 
p e r c e n t .  D u r i n g  i n t e r v a l s  o f  good w e a t h e r ,  a s  i n d i c a t e d  bjr s m a l l  
v a r i a n c e  i n  t h e  i n t e n s i t y ,  i t  can be s e e n  t h a t  t h e  s o l a r  c o n t r i b u t i o n  
t o  t h e  o b s e r v e d  v e l o c i t y  v a r i a t i o n s  is  probab ly  s m a l l e r  t h a t  20 m / s .  
These r e l a t i v e l y  s m a l l  upper  limits f o r  t h e  s h o r t  term f l u c t u a t i o n s  i n  
s o l a r  r o t a t i o n  a r e  n o t t i c a b l y  s m a l l e r  t h a n  t h e  v a l u e s  p r e v i o u s l y  
r e p o r t e d  f o r  d o p p l e r  s h i f t  t y p e  o b s e r v a t i o n s .  
E x h m i n a t i o n  o f  Figure 9 a l s o  s h o w s  t h a t  t h e r e  a r e  n o  
i d e n t i f i a b l e  s e a s o n a l  o r  y e a r l y  v a r i a t i o n s  d u r i n g  t h e  3 y e a r s  o f  
a v a i l a b l e  d a t a  t h a t  exceed 20 m / s .  T h i s  can be conf i rmed from F ibure  
10 w h i c h  i s  t h e  r e s u l t  o f  a 108-day low-pass f i l t e r i n g  of Figure gc .  
C o n s i d e r i n g  t h e  u n c e r t a i n t i e s  i n  t h e  c o r r e c t i o n s  a p p l i e d ,  t h e r e  is  no 
j u s t i f i c a t i o n  f o r  c o n c l u d i n g  t h a t  even t h e s e  small v a r i a t i o n s  are of 
s o l a r  o r i g i n .  T h e r e  may, o f  c o u r s e ,  b e  l o n g  t e r m  v a r i a t i o n s  i n  t h e  
r o t a t i o n  r a t e  t h a t  a r e  masked by u n c e r t a i n t i e s  i n  t h e  c o r r e c t i o n s ,  b u t  
v a r i a t i o n s  on t h e  o r d e r  o f  1 p e r c e n t  o r  l a r g e r  seem t o  be excluded by 
t h i s  a n a l y s i s .  
A c t u a l  Value o f  S o l a r  R o t a t i o n  
Newton a n d  Nunn ( 1  951 1 r e p o r t e d  t h e  a v e r a g e  r o t a t i o n  r a t e  o f  
l o n g - l i v e d  r e c u r r e n t  s u n s p o t s .  U s i n g  t h e i r  f o r m  f o r  d i f f e r e n t i a l  
r o t a t i o n ,  t h e  e q u a t o r i a l  r a t e  from sunspo t  o b s e r v a t i o n s  i s  2020 m / s .  
An i n s p e c t i o n  o f  Figure 9 s h o w s  t h a t ,  t o  t h e  c e r t a i n t y  o f  t h e  
c o r r e c t i o n s ,  t h e  p h o t o s p h e r i c  m a t e r i a l  a l s o  r o t a t e s  a t  t h i s  r a t e .  
C o n s i d e r i n g  t h e  p o s s i b l e  u n c e r t a i n t y  i n  t h e  c o r r e c t i o n s  i t  i s  
w o r t h w h i l e  t o  e x a m i n e  s e p e r a t e l y  t h e  d a t a  s i n c e  May 1 8 ,  1979. While 
t h i s  on ly  r e p r e s e n t s  60 o b s e r v a t i o n s ,  t h e  a c a t t s r e d  l i g h t  h a s  been low 
e n o u g h  t h a t  n o  c o r r e c t i o n  i s  n e c e s s a r y .  F i g u r e  'I! shows t h i s  d a t a ,  
T h e r e  h a s  b e e n  n o  change i n  t h e  proceduro d u r i n g  t h i s  t i m e  e x c e p t  t o  
k e e p  t,he o p t i c s  c l e a n  t o  e x c l u d e  an e f f e c t  from a c s t t e r e d  l i g h t ,  The 
a v e r a g e  v a l u e  o f  t h e  uncor rec ted  r a t e  a. f o r  t h i s  i h t e r v a l  i s  2016 
13m/s. I n  o r d e r  t o  b e  f u l l y  c o n f i d e n t  o f  t h e  c o n s t a n c y  o f  t h i s  v a l u e ,  
a n  a d d i t i o n a l  y e a r  o r  more o f  o b ~ e r v a t i o n s  n ~ u s t  be made, bu t  i t  is  
s a f e  t o  s a y  t h a t  i n  June  1979 t h e  pho tospher ic  m a t e r i a l  r o t a t e d  a t  t h e  
Newton and Munn r a t e .  
S e v e r a l  p o i n t s  need  t o  be r e v i e u e d .  A t  t h e  SSO, measurements 
o f  t h e  s o l a r  r o t a t i o n  r a t e  h a v e  b e e n  made s i n c e  May 1976. I n  t h e  
e a r l i e r  o b s e r v a t i o n s ,  t h e  m e a s u r e d  v e l o c i t i e s  were contaminated by 
s c a t t e r e d  l i g h t .  T h i s  is  e x i b i t e d  by a n  obv ious  c o r r e l a t i o n  between 
t h e  o b s e r v e d  i n t e n s i t y  a n d  v e l o c i t y  d a t a .  When t h e  e f f e c t  o f  
s c a t t e r e d  l i g h t  i s  removed by e m p i r i c a l  methods i t  is  found t h a t :  
A )  T h e  d a y - t o - d a y  v a r i a t i o n s  i n  t h e  e q u a t o r i a l  
r o t a t i o n  a r e  a t  most 20 m / s  rms a b o u t  t h e  mean, 
B) T h e r e  a r e  no long  term t r e n d s  exceed ing  I p e r c e n t  
t h a t  c a n  b e  a s s o c i a t e d  w i t h  t h e  sun r a t h e r  t h a n  
t h e  i n s t r u m e n t ,  
C) T h e  a v e r a g e  r a t e  F o r  t h e  p h o t o s p h e r e  i s  m o s t  
l i k e l y  a b o u t  t h e  same as t h e  Newton and Nunn r a t e  
f o r  s u n s p o t s .  
I t  was a l s o  f o u n d  t h a t  t h e  fewor t h e  number o f  t e rms  used t o  e x p r e s s  
s o l a r  r o t a t i o n  t h e  s m a l l e r  t h e  v a r i a n c e  i n  t h e  r a t e  de te rmined ,  When 
t h e  t e r m  f o r  d i f f e r e n t i a l  r o t a t i o n  i s  a l s o  f i t  t o  t h e  d a t a  t h e  
r o t a t i o n  i s  found t o  be: 
2  11 V = 2030 - 278 s i n  0 - 278 s i n  I3 m/s 
( a t  one s o l a r  r a d i u s )  which i s  t h e  same a s :  
2 4  U = 2.917 - 0.40 s i n  B - 0.40 s i n  B r a d i a n s / s ,  
T h e s e  c o n c l u s i o n s  a r e  d i f f e r e n t  from t h e  commonly h e l d  b e l i e f  
t h a t  t h e  p h o t o s p h e r e  i n  g e n e r a l  r o t a t e s  s l o w e r  t h a n  l a r g e  s c a l e  
m a g n e t i c  f i e l d  s t r u c t u r e s  a n d  t h a t  t h e  r a t e  shows s u b s t a n t i a l  
v a r i a t i o n s .  I t  i s  u n l i k e l y  t h a t  magnetograph-type o b s e r v a t i o n s  made 
a t  o t h e r  o b s e r v a t o r i e s  s u f f e r  from t h e  s p e c i f i c  e r r o r s  t h a t  fo rmer ly  
e x i s t e d  a t  t h o  SSO ( e . g .  s c a t t e r e d  l i g h t )  bu t  t h e r e  may be some a s  y e t  
u n i d e n t i f i e d  s o u r c e s  o f  i n s t r u m e n t a l  n o i s e .  If t h e r e  is some n o i s e  
w h i c h  i s  n o t  p u r e l y  random t h e n  t h e  o b s e r v a t i o n s  may n o t  b e  i n  
c o n f l i c t ,  b u t  o n l y  t h e  i n t e r p r e t a t i o n s .  
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F i g u r e  1 ,  A s c h e m a t i c  d iagram s f  t ho  S tanford  solar 
tclancopc, Note the soparate l i g h t  path fo r  the  
guider image and tho obaorving image. Tho actual  
d i s t a n c e  between t ho  guider lana and the  guider 
p h o t e d i o d o s  i s  used  t o  de f ino  tho  Lsloacope 
s c a l e ,  The spoctrograph head i s  a t  ground love1 
with t h e  Littrow lens  and d i f f rac t ion  grat ing a t  
the  bottom of a 23m p i t ,  
F igure  2 .  The change i n  observed image b r igh tnoas  n s  a  
f u n c t i o n  o f  a i r m a s s  on n t y p i c a l  day.  Tho 
i n t e r c e p t  f o r  z e r o  a i r m a s s  p r o v i d e s  t h e  
a a k i b r a t f o n  of t h e  ins t rument  in tens i ty  s igna l  
f'or t ha t  day. 
F igu re  3 ,  O3served image br ightness  fo r  each magnetogram 
through July ,  1979. The arrows show the dates  on 
which the op t ics  wore cleaned. In tens i ty  changes 
due  t o  o t h e r  i n s t r u m e n t  changes  have  been 
removed. 
F i g u r e  4 .  D r i f t  i n  t h e  v e l o c i t y  s i g n a l  a s c r i b e d  t o  
spec t rograph  and e lec t ron ics  d r i f t s .  The t o t a l  
m o u n t  o f  t h e  d r i f t  between t h e  r e f e r e n c e  
i n t e g r a t i o n s  i s  shown, The average magnitude of 
t he  d r i f t  was 43 r n ; ~  per hour. The algorithm for  
p o s i t i o n i n g  t h e  g r a t i n g  was changed i n  October 
1976 to  reduce the residual  gra t ing rnot;j.on. 
F igu re  5 .  S o l a r  v e l o c i t y  con tours  a s  observed.  Dashed 
con tou r s  a r e  motion toward t h e  observer, so l id  
away, The  eontour i n t e rva l  is  200 m / 8 ,  A ~ o l i d  
body r o t a t i o n  would r e s u l t  i n  a t ra igh t  vcr*tisal 
e s n t e u r s ,  Data f o r  two day3 i s  shown: a )  (15 
Fobruary 1978)  obeorved with  an on t r anso  slit 
a l i g n m e n t  e r r o r  t h a t  a f f o c t e  v a l o c i t y  
mcasuromcnts near  tho  l i m b ,  b) (16 March 1978) 
t y p i c a l  f o r  o b s a r v a t i o n s  w i t h  t h e  e o r r o c t  
alignmont . 
F i g u r e  6 .  S o l a r  e q u a t o r i a l  r o t a t i o n  r a t e  no f o r  each 
magnetogram scan includod i n  t h i s  a n a l y s i s ,  
Thore a r e  t i ck  marks a t  the  f i r s t  of each month, 
Tho a r r o w s  show t h e  d a t e s  o f  c l e a n i n g  and 
realuminizing the mirrors, 
F igure  7 .  A sca t te rp lo t  of tho equatorial  ro ta t ion r a t e  a. 
a s  a func t i on  of t he  logar i thm of the observed 
image br ightness  l n ( 1 ) .  The best  f i t  l i n e  shown 
i s  used t o  determine the  e r ro r  i n  a. which i s  due 
to  the corre la t ion w i t h  i n t ens i t y ,  
F i g u r e  8 .  S c a t t e r p l o t s  o f  a )  l n ( f l  and b) a. w i t h  t h e  
observed scattered l i g h t  S fo r  those observations 
f o r  which S was measured. S i s  the  brightness i n  
t h e  3 - a r c -minu t e  a p e r t u r e  c e n t e r e d  about 2 
arc-minutes  o f f  t h e  l i m b  r e l a t i v e  t o  t h e  d i s k  
center brightness. The in te rcep t  i n  8a shows the 
b r igh tnes s  w i t h  no scat tered l i g h t  X o ,  while the 
s l ope  of t h e  b e s t  f i t  l i n e s  i n  8a and 8b verify 
the  correction fac tor  derived i n  Figure 7 .  
Figure 9 ,  a) Tfis sbaerved imago brl~,htncss  (from Pf~urc  a ) ,  
b) the observed rotation m t c  oo (from Figure 6 ) ,  
and c) the corrected equatarfal r e t a t i ~ n  rnto for  
a l l  includod scans ,  The correction woo appliod 
a o p n r a t a l y  f o r  eaah  s c a n  thuo  eoma s f  t h e  
var iance i n  br ightness  which is  not corrolntod 
w i t h  ~ o a t t e r o d  l i g h t  t o n d s  t o  inaroase tho 
variance i n  tho corrected r o t a t i o n  r n t o ,  The 
es t imate  for  day-to-day variations i n  a. i s  .ado 
from Figure 9 b  disregarding Cho d r i f t  resulting 
from tho correlation w i t h  9a, 
Figure 10. Slow d r i f t s  i n  tho corraoq,ed equatorial ra to,  A 
108-day low-pass f i l t o r  has been applied. The 
t r ends  i n  t h i s  f i g u r e  a r e  probably d u e  t o  the 
incomplete removal of instrumental problems, 
Figure 1 1 ,  The observed (not-corrected) equatorial r a t e  for 
t h e  most r e c e n t  d a t a  ( c l o a n  o p t i c s ) .  The 
hor izonta l  l i n e  i s  drawn at  tho Newton and Nunn 
i ta te  of 2020 m/s. The simple mean of the data 
shown i s  2016 m/s w i t h  a standard deviation of 13 
m / s .  
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